Transcriptional enhancers within the long terminal repeats of murine leukemia viruses are major determinants of the pathogenic properties of these viruses. Mutations were introduced into the adjacent binding sites for three transcription factors within the enhancer of the T-cell-lymphomagenic virus SL3-3. The sites that were tested were, in 5-to-3 order, a binding site for core binding factor (CBF) called core II, a binding site for c-Myb, a site that binds members of the Ets family of factors, and a second CBF binding site called core I. Mutation of each site individually reduced transcriptional activity in T lymphocytes. However, mutation of the Myb and core I binding sites had larger effects than mutation of the Ets or core II site. The relative effects on transcription in T cells paralleled the effects of the same mutations on viral lymphomagenicity, consistent with the idea that the role of these sequences in viral lymphomagenicity is indeed to regulate transcription in T cells. Mutations were also introduced simultaneously into multiple sites in the SL3-3 enhancer. The inhibitory effects of these mutations indicated that the transcription factor in T cells that recognizes the core I element of SL3-3, presumably CBF, needed to synergize with one or more factors bound at the upstream sites to function. This was tested further by generating a multimer construct that contained five tandem core I elements linked to a basal long terminal repeat promoter. This construct was inactive in T cells. However, transcriptional activity was detected with a multimer construct in which the transcription factor binding sites upstream of the core were also present. These results are consistent with the hypothesis that CBF requires heterologous transcription factors bound at nearby sites to function in T cells.
Transcriptional enhancers within the long terminal repeats (LTRs) of murine leukemia viruses (MuLVs) are major genetic determinants of tumorigenicity of these viruses (8, 12, 16, 25, 28, 29, 43, 51) . These sequences are important determinants of the cell type specificity of viral transformation, the fraction of inoculated mice that develop disease, and the length of the latent period before tumors appear. SL3-3 (SL3) is a retrovirus that induces T-cell lymphomas in mice (28, 40) . The LTR enhancer of this virus is composed of two tandem 72-bp repeat units. A fraction of each 72-bp unit in the SL3 enhancer was found to be crucial for the T-cell specificity of transcription and lymphomagenesis of this virus (31) . This portion of each enhancer repeat contains binding sites for multiple transcription factors. In the 5Ј-to-3Ј orientation on the coding strand, there are binding sites for core binding factor (CBF), c-Myb, and the Ets family of factors, as well as a second binding site for CBF (Fig. 1) (36, 49, 54, 55) . CBF is also called AML1, PEBP2, and SEF1 (1, 26, 38, 46, 48) . The CBF binding sites are called core elements (27, 28, 42, 53) . SL3 has two core elements. The 3Ј core element, which is adjacent to the Ets site, is called core I in SL3. This element is conserved in all members of the MuLV family of retroviruses, including feline leukemia viruses and gibbon ape leukemia viruses; hence, this site is called the core element of these viruses (19) . Frequently there are single-base substitutions among the different isolates, and these differences have modest effects on CBF binding (19) . The 5Ј core element of SL3, which is adjacent to the Myb site, is called core II (49, 54, 55) . This element is unique to SL3 among viruses in this family.
Multiple elements within the SL3 enhancer are important for viral lymphomagenicity. Mutation of the c-Myb binding site eliminated most of the pathogenicity of SL3 (36) . Mutation of the core I element also strongly inhibited the lymphomagenicity of SL3 (21, 32) . In particular, a single base pair difference between the core I element of SL3 and the core of the weakly leukemogenic retrovirus Akv was found to be important (32) . Mutation of the Ets site had a small, though statistically significant, effect on the lymphomagenicity of SL3 (36) . Mutation of the core II site by itself had little effect on pathogenicity, although in the presence of a core I mutation it did significantly reduce the potency of the virus (15, 21) .
Transcriptional studies have suggested a correlation between the relative importance of an element for the transcriptional activity of MuLV enhancers in T cells and viral lymphomagenicity. In the case of SL3, only T lymphocytes can distinguish the single-base-pair difference between the core elements of SL3 and Akv in transcription assays (3, 32) . For Moloney MuLV (Mo-MuLV), another T-cell-lymphomagenic virus, mutation of the enhancer core element resulted in the largest inhibition of transcription in T cells and the most profound effects on lymphomagenicity of any site in the viral enhancer (43, 44) . These results suggest that mutations that alter the transcriptional activity of the viral enhancers in T cells inhibit the ability of the virus to perform one or more steps in the process of lymphomagenesis, including replication in the target cells for disease, formation and propagation of recombinant mink cell focus-forming viruses, and activation of cellular proto-oncogenes (5, 13, 32, 41) .
In this study, we systematically compared the effects of mu-tation of several sites in the SL3 enhancer on transcriptional activity of the SL3 LTR. In particular, we asked whether mutation of the sites upstream of core I affected transcription to an extent comparable to mutations in core I itself. This allowed us to compare the relative importance of individual binding sites in transcriptional activity with previous observations of their importance for viral lymphomagenicity. We also measured the effects of simultaneous mutation of multiple binding sites on transcriptional activity and addressed whether intact binding sites for additional transcription factors were necessary for T lymphocytes to recognize core I. The factors whose sites were mutated in these studies are indicated by geometric figures. The portion of the nucleotide sequence of SL3 that encompasses these binding sites is also shown. The underlined nucleotides are those that were mutated. Shown below the SL3 sequence are the sequences of the mutations introduced at each site. The identity of each mutation is indicated at the right, including the single-letter names that are used in the other figures. The singleletter names are used throughout the text to identify particular mutants. S, A, and X indicate the sequences of the core I elements of SL3, Akv, and a mutant of SL3 with a 2-bp substitution in the core I element, respectively. C, M, and E indicate mutations in the core II, Myb, and Ets sites, respectively. Thus, the designation ME-S indicates an LTR with mutated Myb and Ets sites and a core element of SL3 virus, while CME-A indicates an LTR with the core II, Myb, and Ets sites all mutated and the core sequence of Akv virus. Positions of binding sites for other factors (7, 10, (33) (34) (35) 42) , nuclear factor 1 (NF-1), basic helixloop-helix factors (bHLH), and the glucocorticoid receptor (GR) are also shown. The third line shows the structure of the tandem-repeat units of the Akv LTR and the sequence of the equivalent stretch of its enhancer. The fourth and fifth lines show the structures of the deletion mutants ⌬226 and ⌬273. The numbers refer to the number of nucleotides from the upstream portion of SL3 that were deleted in each construct. The sixth, seventh, and eighth lines show the sequence of one 11-bp unit in the 5ϫ multimers. The last two lines show the sequence of the individual repeat units of the 3ϫ multimers.
MATERIALS AND METHODS
Cell lines. The mouse T-cell lines SL3B and SL3H and the human T-cell line Jurkat were maintained in RPMI 1640 supplemented with 10% fetal bovine serum, 100 U of penicillin per ml, 10 g of streptomycin per ml, and 2 mM glutamine. The mouse T-cell line L691-6 was maintained in Dulbecco's modified Eagle's medium with the same supplements. All cells were maintained at 37°C in 100% humidity and 7.5% CO 2 .
LTR mutants. Nucleotide substitution mutations were introduced into the various transcription factor binding sites in the SL3 LTR enhancer (Fig. 1) by a PCR-based strategy that was previously described in detail (36, 54, 55) . Mutations of the indicated nucleotides were all previously shown to block the binding of the cognate factor to the site (20, 30, 49, 52, 54, 55) , except for the 1-bp substitution of the Akv sequence in core I, which was previously shown to result in only a twofold reduction in CBF binding (55) . All nucleotide substitution mutations in this study were introduced simultaneously into the identical sites in both of the tandem 72-bp repeats of the SL3 enhancer. LTRs were sequenced after mutagenesis to confirm the introduction of the mutations and to verify that no additional changes were introduced elsewhere in the LTRs.
Two 5Ј deletion mutants of the SL3 LTR were used in these studies. In ⌬226, the upstream repeat unit and all sequences upstream of the repeats were removed (Fig. 1) . In ⌬273, the deletion extended further 3Ј through the promoterproximal core I element to an ApaI site (Fig. 1) . Construction of these deletions was previously described (31) .
Two different types of multimer constructs were generated. The constructs named 5ϫ-S, 5ϫ-A, and 5ϫ-ϫ contained five 11-bp tandem binding sites for CBF, comprising the SL3 core I, Akv core, and a mutated SL3 core I site, respectively (Fig. 1 ). These were generated by using complementary synthetic oligonucleotides containing overhanging ends that were compatible with the XhoI and ApaI sites in the SL3 chloramphenicol acetyltransferase (CAT) plasmids (Fig. 1) . The second set of multimer constructs contained three tandem copies of the stretch of the SL3 enhancer containing the core II, Myb, Ets, and core I sites ( Fig. 1 ). 3ϫ-S contained the SL3 core I, while 3ϫ-A had the 1-bp substitution of the Akv core (Fig. 1) . The synthetic oligonucleotides containing these sequences were inserted into the XhoI and ApaI sites in the SL3 CAT plasmids (Fig. 1) .
CAT assays. Transfections were performed by an approach described previously (32, 36, 39, 54, 55) . Briefly, DNA was introduced into the cells by the DEAE-dextran method. A Rous sarcoma virus-luciferase plasmid was used as an internal standard. Cell extracts were prepared 48 h later. CAT activity was measured by thin-layer chromatography using 14 C-labeled chloramphenicol. The fraction of chloramphenicol that was acetylated was quantified by PhosphorImager analysis. Data were normalized to those of the internal standard. Each experiment was performed in duplicate on at least two separate occasions. Data are presented as means of the multiple trials Ϯ standard deviations.
EMSAs. Electrophoretic mobility shift assays (EMSAs) were performed with a radiolabeled 31-bp probe that spanned the SL3 core I sequence, as previously described (54) . Nuclear extract from the T-cell line WEHI7.1 was used as previously described (3). The same double-stranded, unlabeled oligonucleotides that were used for the generation of the 5ϫ multimers were also used for competition experiments.
RESULTS
Relative importance of the core II, Myb, Ets, and core I sites for transcriptional activity of the SL3 enhancer. Lymphomagenicity studies indicated that the Myb and core I sites in the SL3 enhancer had greater importance for viral lymphomagenicity than the Ets and core II sites (36) . We hypothesized that the effects of the mutations on viral lymphomagenicity were in fact due to inhibition of viral LTR enhancer activity in T cells. Therefore, we tested systematically whether mutation of these binding sites had similar relative effects on transcriptional activity of the viral enhancer. Mutations were introduced into the core II, Myb, Ets, and core I sites of the SL3 enhancer ( Fig. 1) . A PCR-based strategy (36, 54, 55) was used to introduce the mutations simultaneously into identical sites in each of the 72-bp repeat units. Mutations of the indicated nucleotides in the core II, Myb, and Ets sites ( Fig. 1 ) were all previously shown to block the binding of the corresponding factor to that site (20, 30, 49, 52, 54) . The mutations at the core II, Myb, and Ets sites were designated C, M, and E, respectively (Fig. 1) . Two different mutations were introduced at the core I site. One, designated X ( Fig. 1) , was previously shown to eliminate binding of CBF (20, 54, 55) . The other, designated A ( Fig. 1) , changed the sequence to that of the Akv core element. This mutation was previously shown to result in about a twofold reduction in CBF binding (55) . The effects of the mutations on the transcriptional activity of the SL3 LTR were tested by transfection of plasmids containing the LTR linked to the CAT reporter gene into cultured T cells. T cells were used because they are the target for lymphomagenesis by SL3 and because it was previously shown that only T cells can distinguish the SL3 and Akv core elements in transcription assays (3, 32) .
Mutation of individual elements in the SL3 enhancer had differing effects on transcriptional activity (Fig. 2) . As previously reported (3, 11, 32) , the SL3 LTR was about 10 times more active than the Akv LTR in various T-cell lines. Changing the SL3 core I element into the Akv core (SAA in Fig. 2 ) reduced the activity of the SL3 enhancer three-to fourfold, resulting in a level intermediate between those of SL3 and Akv. A different mutation in core I that blocked CBF binding (X in Fig. 2 ) also resulted in transcriptional activity that was intermediate between those of SL3 and Akv. In one of the four T-cell lines tested (SL3H), this mutation reduced enhancer activity to about one-half the level of SAA (compare X and SAA in Fig. 2 ). In the other three lines, it did not result in a clear reduction of activity below the level of SAA. Thus, changing the SL3 core I sequence to the Akv core sequence had effects on transcription similar to those of introducing the mutation that eliminated detectable CBF binding.
Mutation of the elements in the SL3 enhancer upstream of core I had effects on transcriptional activity that varied in their extent among the different T-cell lines (Fig. 2) . However, in each of the four cell lines, mutation of the Myb site gave the highest degree of inhibition of transcription (Fig. 2) . The inhibition due to mutation of the Myb site was quantitatively similar to that due to mutation of the core I element. The effects of mutation of the core II or Ets site were variable, ranging from little or no effect in L691 cells to about a fivefold effect in Jurkat cells. In summary, these results show that multiple sites contribute to the activity of the SL3 enhancer. The quantitative effect of mutation of a particular site varied among the different T-cell lines. However, the relative effects of mutation of various sites were generally consistent in all the lines. Mutation of the Myb and core I sites had the largest inhibitory effects. The inhibitory effect of mutation of the Ets or core II site was evident but less extensive than that of the Myb or core I site. Thus, the Myb and core I sites are the most important for both transcriptional activity of the SL3 LTR in T cells and viral lymphomagenicity.
Effects of upstream transcription factor binding sites on activity of the SL3 core I element. We tested whether the sites upstream of core I affected the ability of T cells to distinguish the SL3 and Akv cores (Fig. 2) . When the core II element was mutated, the relative activities of the SL3 and Akv cores were similar to those in the native LTRs. Curiously, when the Myb or Ets site was mutated, the difference between the SL3 and Akv LTRs was often greater than that seen with the wild-type LTRs. Thus, if either the Myb or the Ets site was mutated, T cells were often more sensitive to the single base pair difference between the two LTRs in the core element.
Mutation of both core elements of SL3 resulted in a virus that was less lymphomagenic than SL3 with a mutation in only core I. Therefore, we also tested the transcriptional effects of mutating both core elements simultaneously. Blocking the binding of CBF to both core I and core II by simultaneous mutation of both sites resulted in a slight but reproducible decrease in transcriptional activity in all four T-cell lines over that seen with mutation of core I alone (compare C-X and C with the Akv core in Fig. 2 ). The effect of simultaneous mutation of the core I and core II elements was the same whether the core I sequence was changed to that of Akv or it was changed to the sequence that eliminated measurable CBF binding (compare C-X and C-A in Fig. 2 ). This again supports the hypothesis that the 1-bp mutation in the Akv core that reduces CBF binding about twofold has the same effect on transcription as the mutation that eliminates binding. It is also worth noting that even when CBF binding to core I was inhibited, the SL3 enhancer still had residual activity that was severalfold higher than that of an LTR in which the enhancer region was more substantially mutated (see Fig. 3 and 4) . Presumably, the remaining elements in the SL3 enhancer endow it with activity even when CBF is not bound to core I.
Mutation of multiple sites upstream of the core I element. We further tested the hypothesis that multiple sites are important for the activity of the SL3 enhancer by simultaneously mutating all three sites upstream of core I. This triple mutation, designated CME, was tested with both the SL3 core I and Akv core sequences (CME-S and CME-A, respectively, in Fig.  3 ). The CME mutations reduced the activity of the SL3 LTR to less than 2% of the activity of the intact LTR in three of the four cell lines tested, whether the core element I was from SL3 or Akv. Thus, mutation of all three sites upstream of the core I element eliminated most of the activity of the enhancer.
When the core I sequence was from SL3, the triple mutation inhibited activity to a greater extent than the multiplicative effect of the three individual mutations. For example, in the SL3B cell line, individual mutation of the core II, Myb, and Ets sites resulted in the LTR having, respectively, about 40, 30, and 60% of the level of activity of the intact SL3 LTR (Fig. 2) . The CME-S triple mutant had about 1% of the level of activity of the intact LTR. Thus, the actual level of activity of the CME-S triple mutant was severalfold lower than the multiplicative effect of the three individual effects (0.4 ϫ 0.3 ϫ 0.6 ϭ 0.07). Similar observations were evident for the experiments in L691 and Jurkat cells.
However, this was not the case when the core I element was changed to that of Akv. In that case, mutation of individual sites, particularly the Myb and Ets sites, had larger inhibitory effects and reduced the level of activity of the LTR to levels approaching that of the CME-A triple mutant (Fig. 2) . Thus, when the core element had the Akv sequence, the remaining activity of the enhancer was more dependent on the Myb and Ets binding sites than when the core had the SL3 sequence.
To assess more precisely the importance of each of the sites upstream of the core I element in the SL3 enhancer, series of double mutations were made in which two of the three upstream elements were mutated (Fig. 3 ). These were generated in a reporter plasmid containing the SL3 core I (S). In addition, parallel constructs were made with the same mutations linked to the Akv core (A) or the core I mutation that blocked CBF binding (X). These were tested in transcription assays in the four T-cell lines. In almost every instance, the double mutations were more inhibitory than either of the corresponding single mutations. The only exception was that the core II-Myb site double mutation was not more inhibitory than the Myb site mutation alone in L691 and SL3B cells ( Fig. 2 and 3) . These results were again consistent with the idea that multiple sites contribute to the activity of the SL3 enhancer.
Of the three SL3 mutants with two disrupted sites situated upstream of the core I element, the one with mutations in the Myb and Ets sites was the most inhibited (Fig. 3) . In L691, SL3B, and Jurkat cells, the inhibitory effect of this double mutation was as great or greater than the multiplicative effect of the corresponding single mutations. Interestingly, this was the only one of the double mutants for which this was the case. This result stresses the relative importance of these two sites for the activity of the SL3 enhancer.
In most of the experiments, the double mutants retained some ability to distinguish the SL3 and Akv cores (Fig. 3) . As was observed with the intact SL3 enhancer, the core I mutation that strongly inhibited CBF binding (X) was generally no more inhibitory than the Akv core element (A). These results indicate that the transcription factor in T cells that distinguishes the SL3 and Akv cores, presumably CBF, can do so when any one of the three upstream sites is intact. However, the difference between S and A was generally greater when either the Myb or Ets site was intact than when just core II was intact.
The core element requires one or more additional sites to function in T cells. Mutation of all three sites upstream of core I strongly inhibited the activity of the SL3 enhancer and eliminated most or all of the ability of T cells to distinguish the SL3 and Akv cores (Fig. 3) . These observations were consistent with the possibility that the SL3 core I element requires one or more of the upstream sites to function. This hypothesis was tested further by measuring the activities of multimers of the SL3 core I element. Many transcription factors are able to activate reporter genes that contain multiple tandem binding sites for the factor upstream of a promoter (4, 9, 50) . A reporter plasmid that contained five tandem copies of the SL3 core I element upstream of the viral LTR promoter was generated ( Fig. 1) . Equivalent constructs containing the Akv core (A) or the mutation (X) that blocked CBF binding were generated (Fig. 1) . Upon transfection into T cells, these constructs had no more activity than plasmids in which almost the entire enhancer was deleted (Fig. 4) . Thus, multimers of the SL3 core I element lack activity in T cells. To confirm that the multimers of the SL3 and Akv core elements could indeed bind CBF, EMSAs were performed (Fig. 5) . Both the SL3 and Akv core multimers bound CBF, while the mutated core (X) did not. These results provided additional evidence that the SL3 core element requires binding sites for one or more heterologous transcription factors to function.
To test this hypothesis further, constructs in which the SL3 core element was linked to the three upstream sites were generated (Fig. 1) . Multimers containing three tandem copies of the core II-Myb-Ets-core I segment linked to the enhancerdeleted LTR were generated (3ϫ-S and 3ϫ-A [ Fig. 1]) . The activities of these multimers were compared to those of 5Ј SL3 FIG. 3 . Transcriptional activity of the SL3 enhancer double and triple mutants in four T-cell lines. Abbreviations indicate the mutations, as described in the legend to Fig. 1 . Thus, S, A, and X indicate a core I element sequence while C, M, and E indicate mutations in the core II, Myb, and Ets sites, respectively. The shading scheme used is described in the legend to Fig. 2 . Activity is shown compared to that of the SL3 LTR, which was set at 100%, in each cell line.
LTR deletion mutants in which sequences upstream of the promoter-proximal 72-bp repeat unit were deleted (⌬226-S and ⌬226-A [ Fig. 1]) . All of these constructs exhibited substantial levels of activity (Fig. 6 ). The constructs with single units had activities that were substantially higher than those with the enhancer-deleted LTR (compare ⌬226-S and ⌬226-A with ⌬273 in Fig. 4 ). The constructs with three repeat units had even higher levels of activity (Fig. 6) . The 3ϫ-S construct exhibited activity similar to that of the intact SL3 LTR (Fig. 6) . The 3ϫ-A construct also had activity, although the level was lower than that of 3ϫ-S (Fig. 6) . Thus, enhancers containing core I were active in T cells provided that the upstream sites were also present. This strongly argues that the upstream elements are required for the transcription factors in T cells to be active on the SL3 core.
DISCUSSION
These studies show that the Myb, Ets, core I, and core II sites contribute to the transcriptional activity of the SL3 LTR in T cells. They also show that the effects of the individual mutations on transcription in T cells parallel the effects of the same mutations on viral lymphomagenicity. Mutation of the Myb binding site and core I had the largest effects on both transcription and lymphomagenicity (21, 32, 36) . Conversely, mutation of core II and the Ets binding site had smaller effects on transcription and viral lymphomagenicity (21, 36) . This is consistent with the idea that the main function of the LTR enhancer sequences in the process of lymphomagenesis is to regulate transcription.
Studies with Mo-MuLV also showed a correlation between the importance of specific factor binding sites for transcription in T cells and viral lymphomagenicity (43, 44) . However, the factor binding sites important for Mo-MuLV were somewhat different from those that were important for SL3, even though both viruses cause similar diseases. Thus, the Mo-MuLV core element, which is positioned equivalently to core I in SL3, was also important for that virus. However, the Ets (LVb) site in Mo-MuLV appeared to be more important for both transcription and lymphomagenicity of Mo-MuLV than was the case with SL3 (43, 44) . Also, Mo-MuLV lacks the Myb and core II sites found in SL3 (36) . Thus, the transcription factor binding sites that are important for T-cell transcription and lymphomagenicity of Mo-MuLV and SL3 are somewhat different. Nonetheless, for both viruses, the mutations that had the largest FIG. 4 . Transcriptional activity of the deletion mutant ⌬273 and 5ϫ multimers in four T-cell lines. Abbreviations and color schemes are described in the legend to Fig. 2 . Activity is shown compared to that of the SL3 LTR, which was set at 100%, in each cell line.
effects on transcriptional activity in T lymphocytes also had the largest effects on lymphomagenicity.
Additional insight regarding the significance of individual transcription factor binding sites for the activity of the SL3 enhancer can also be obtained by considering the effects of adding individual sites to an enhancer that lacks all four. The mutant CME-A had all four binding sites disrupted ( Fig. 1) and had the lowest level of activity of all the nucleotide substitution mutants (Fig. 3) . Changing the core I element to that of SL3 did not stimulate activity significantly (CME-S [ Fig. 3]) . Addition of any of the three upstream binding sites to an enhancer with Akv cores had little stimulatory activity (CM-A, CE-A, and ME-A [ Fig. 3]) . Thus, in the context of this core I element, the factors that bind to the upstream sites had little stimulatory effect. However, addition of the Myb site or the Ets site to an enhancer with the SL3 core did lead to increases in activity (CM-S and CE-S [ Fig. 3]) . The stimulatory effect required that both the Myb (or Ets) site and the core I site be intact, since they are in the native SL3 virus. These results suggest that there is synergistic stimulation of transcription by the factor bound to the SL3 core I element in T cells, presumably CBF, and the factors in T cells that are bound to the Myb or Ets site, presumably c-Myb or a member of the Ets family, respectively. This result is consistent with previous reports indicating cooperativity among these factors in stimulation of transcription of various viral and cellular promoters. We previously reported that c-Myb and CBF synergistically stimulate transcription from the SL3 LTR in cotransfection experiments in embryonal carcinoma (EC) cells (54) . These studies utilized the form of the DNA-binding ␣ subunit of CBF encoded by the cbfa2 gene (also called the AML1 gene). CBF acted through core I to give up to a five-to sixfold stimulation of activity. By itself, c-Myb had no activity on the SL3 LTR in these cells. However, c-Myb could act through the Myb site in the viral enhancer to stimulate transcription severalfold beyond that induced by CBF alone. Synergy between c-Myb and CBF has also been suggested to occur on the T-cell receptor ␦ enhancer, the myeloperoxidase promoter, and the neutrophil elastase promoter (17, 23, 37) .
The results presented here showed that mutation of either the Myb site or core I inhibited activity of the SL3 enhancer to approximately equal levels in every T-cell line tested (Fig. 2) . In addition, when both sites were mutated, a further reduction was seen (Fig. 3) . This suggests that c-Myb has activity on the SL3 enhancer even when core I is mutated. This is different from what was observed in the cotransfection studies in EC cells, in which c-Myb had no activity unless CBF was bound to core I. One possible explanation for this is that the T cells contain additional factors other than those present in EC cells, perhaps members of the Ets family, that can synergize with c-Myb even when CBF cannot bind to core I. This possibility is consistent with cotransfection studies in which c-Myb and Ets-2 were found to stimulate transcription from the mim-1 promoter cooperatively (14) . T lymphocytes express several members of the Ets family of factors (2, 45, 47) . It is uncertain which of these is responsible for the effects of the Ets site on the SL3 enhancer or whether other transcription factors that bind to the same site are important.
Several observations indicate that CBF is the transcription factor in T cells that recognizes the core elements of MuLVs. CBF is the only transcription factor in extracts of T cells that binds to the core elements of all MuLVs in EMSAs (3, 42, 48) . Cotransfection studies showed that CBF could stimulate transcription of MuLV LTR-driven reporter genes in a manner that required intact core elements (45, 54, 55) . CBF also binds to similar sequences in the transcriptional regulatory elements of many cellular genes that are expressed in T cells (6, 18, 22, 24) .
One of the important questions about CBF that remains unanswered is how it distinguishes the single base pair difference between the core elements of SL3 and Akv. The form of CBF␣ encoded by the cbfa2 (AML1) gene binds to the SL3 core about twofold more strongly than the Akv core (55) . However, it did not distinguish the two cores in cotransfection assays with viral LTR reporter constructs (55) . In contrast, there was a significant difference in the activities of otherwise isogenic constructs that contain the SL3 or Akv core sequences in T lymphocytes in this study. In particular, the Akv core FIG. 5 . Competition EMSAs with the 5ϫ core multimers. An SL3 core I probe was tested in a nuclear extract from the T-cell line WEHI7.1 for binding of nuclear factors CBF and SL3-core binding factor (S-CBF). Competitors were present at a 50-fold molar excess where indicated. Ϫ, no competitor used; S-mult., multimer of SL3; A-mult., multimer of Akv; Mut-mult., multimer of SL3 containing the X mutation.
FIG. 6. Transcriptional activity of the 3ϫ multimers compared to that of ⌬226, the 5Ј deletion construct that contains a single 72-bp repeat unit. Two versions of ⌬226 were tested, one with the SL3 core I element and the other with a substitution of the Akv core. Abbreviations and color schemes are described in the legend to Fig. 2 . Activity is shown compared to that of the SL3 LTR, which was set at 100%. VOL. 72, 1998 CBF, Myb, AND Ets SITES IN SL3 3135
on September 21, 2017 by guest http://jvi.asm.org/ mutant had activity equivalent to that of a mutant in which measurable CBF binding was abolished ( Fig. 2 and 3 ). An unexpected observation in the current study was that mutation of either the Myb or Ets site resulted in an even greater difference in the activities of the two core elements than was seen with the intact enhancer (Fig. 2) . The reasons for the substantially lower activity of the Akv core are unclear. One possible explanation is that the combination of factors and coactivators that is present in T cells causes a substantially greater difference in CBF binding to the SL3 and Akv cores than was detected with the isolated factor or that occurs in EC cells. Another possibility is that CBF␣ subunits encoded by the cbfa1 and cbfa3 genes are better able to distinguish the single base pair difference between the two core elements. A third possibility is that the Akv core is recognized by a negatively acting factor that is specific to T cells and somehow interferes with the activity of CBF. Whatever the reason, a full understanding of the function of CBF requires an explanation of the ability of T cells to distinguish the SL3 and Akv core elements. We and others previously reported that the activity of CBF in cotransfection assays in EC cells required the presence of a second, heterologous transcription factor. One such factor was c-Myb (54) . Evidence suggested that factors in EC cells that could bind to the Ets sites of MuLV enhancers could also cooperate with CBF (45, 54) . In particular, we previously showed that the multimer containing five tandem copies of the SL3 core I site could not be transactivated by cotransfection of CBF␣ in EC cells (54) . The results presented here showed that a similar effect occurs in T lymphocytes, the normal target cells for transformation by SL3 and Mo-MuLV. Five tandem copies of core I of SL3 had no activity in T cells. However, transcriptional activity was detected if binding sites in addition to the core were present. These results indicate that CBF requires one or more additional factors to function in T cells.
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